YSTEMIC amyloidosis is the diagnosis in 2.5 percent of all native renal biopsies, 1 and the cause of death in more than 1 in 1500 people in the United Kingdom annually. Acquired monoclonal immunoglobulin light-chain (AL) amyloidosis, formerly known as primary amyloidosis, is the most common form of systemic amyloidosis and can respond to chemotherapy directed at the underlying plasma-cell dyscrasia. [2] [3] [4] [5] Scintigraphy with labeled serum amyloid P component (SAP), a technique for quantitatively imaging amyloid deposits in vivo, 6 has shown that deposits frequently regress after a reduction in monoclonal light-chain production. 7 The chief consideration in the differential diagnosis of AL amyloidosis is reactive systemic amyloid A (AA) amyloidosis, but this form of the disorder is always a complication of chronic inflammation, and amyloid A deposits can usually be verified immunohistochemically. 8 Another possibility is hereditary systemic amy-S loidosis, in which the amyloid fibrils are usually derived from genetic variants of transthyretin, 9 apolipoprotein A-I, 10,11 lysozyme, 12 or fibrinogen A a -chain. 13 However, these autosomal dominant conditions, which are thought to be extremely rare, are generally not considered in the differential diagnosis in patients without a relevant family history.
The diagnosis of hereditary amyloidosis has implications for prognosis, genetic counseling, and treatment, which may include liver transplantation to correct the underlying metabolic defect. Although most reported mutations causing hereditary amyloidosis show high penetrance, amyloidogenic mutations have occasionally been identified in asymptomatic elderly patients. In addition, population and haplotype studies have raised the possibility that two specific mutations associated with hereditary amyloidosis -one encoding the substitution of methionine for valine at position 30 of transthyretin (Val30Met) and one encoding the substitution of valine for glutamic acid at position 526 of fibrinogen A a -chain (Glu526Val) -may not be rare. 14 We systematically studied patients with apparently sporadic systemic AL amyloidosis to determine whether any of the patients in fact had hereditary amyloidosis.
METHODS

Patients
The genes for transthyretin, apolipoprotein A-I, lysozyme, and fibrinogen A a -chain were studied in all 350 patients referred to the National Amyloidosis Centre of the United Kingdom between 1997 and 2000 with biopsy-proved amyloidosis and a presumptive diagnosis of systemic AL amyloidosis. All the patients gave oral informed consent for the genetic analyses. None of them were aware of any illness in their family that was consistent with the presence of hereditary amyloidosis, and the amyloid in each case was shown by immunohistochemical analysis not to be the AA type. Serum and urine electrophoresis and immunofixation showed that 80 percent of the patients had a monoclonal gammopathy, a proportion similar to those in other series of patients with AL amyloidosis. 15 In all the patients, clinical assessment included electrocardiography, Doppler echocardiography, and scintigraphy with 123 I-labeled SAP, a method of imaging visceral amyloid deposits. performed on amyloid-containing tissue from patients in whom potentially amyloidogenic mutations were identified. In addition, newly identified mutations in the genes for amyloid proteins were sought in 50 anonymous white controls from the general British population. Twenty-two clinically healthy first-degree relatives of patients with hereditary fibrinogen A a -chain Glu526Val amyloidosis were also studied.
Genotyping, Scintigraphy, and Immunohistochemistry
DNA was isolated as previously described from samples of whole blood treated with EDTA. 11 The coding regions of the genes encoding transthyretin, apolipoprotein A-I, fibrinogen A a -chain (part of exon 5), and lysozyme (exon 2) were amplified by the polymerasechain-reaction assay with the use of primers, solutions, and cycling conditions that have been described elsewhere. 11, 12, 16, 17 The products of the polymerase chain reaction were sequenced with the use of terminator reagent (ABI BigDye version 3.0, AB Applied Biosystems) according to the manufacturer's instructions.
Anterior and posterior whole-body scintigrams (Elscint Super Helix, GE Medical Systems) were obtained 24 hours after the intravenous injection of 200 MBq of 123 I-labeled SAP. 6 The scans were interpreted by a single physician with extensive experience.
Six-micrometer tissue sections were tested for the presence of amyloid by Congo-red staining and a search for pathognomonic red-green birefringence under cross-polarized light microscopy. 18 Immunohistochemical staining was performed on 2-µm sections of amyloid-containing tissue with the use of commercial antiserum (Dako; Medix; and Helena Biosciences) against serum amyloid A protein, immunoglobulin k and l light chains, transthyretin, lysozyme, apolipoprotein A-I, and fibrinogen, as previously described. 19 Positive control tissues containing each of these types of amyloid protein were also stained during each run.
RESULTS
Of the 350 patients with systemic amyloidosis in this study, 18 (5.1 percent) were heterozygous for a point mutation that encoded the Glu526Val substitution in fibrinogen A a -chain. This mutation was not present in the 50 healthy controls. All 18 patients were of northern European ancestry, and none were aware of any relevant family history. However, genealogic studies performed after the genetic diagnosis revealed that two of the patients were cousins and that ancestors of two other patients had lived in adjacent villages. A fifth patient retrospectively ascertained that her dizygotic twin had died of renal failure at the age of 76 years. The other 13 patients had no such history and apparently were not related. The median age of the 18 patients at the time of presentation was 59 years; the youngest was in her 30s, and the oldest was 78 years old. At this writing, the latter patient remains well at the age of 81, despite impaired renal function. All 18 patients presented with isolated renal dysfunction and proteinuria, and most of them had moderate hypertension. Spontaneous splenic rupture occurred in two patients. Twelve patients became dependent on dialysis, with a median interval of 2.3 years between presentation and the development of renal failure. All nine of the patients who were followed up for more than five years eventually had end-stage renal failure.
The distribution of fibrinogen A a -chain amyloid revealed by 123 I-labeled SAP scintigraphy was consistent. All 18 patients with the Glu526Val variant had renal deposits, and splenic amyloid was present in all but 1. Two patients, both of whom had initially presented with renal impairment more than a decade before their participation in this study, had hepatic amyloidosis. Amyloid deposits in bone, a pathognomonic feature of AL amyloidosis, were not identified in any of the patients. The electrocardiogram and echocardiogram did not suggest the presence of cardiac amyloidosis in any of the patients, and none had evidence of peripheral or autonomic neuropathy. In addition, none of the patients had clinical evidence of hemorrhagic or thrombotic tendencies, and the thrombin time, prothrombin time, activated partialthromboplastin time, and fibrinogen levels were normal in all cases. Four of the 18 patients with a mutation in the gene encoding fibrinogen A a -chain also had low-grade paraproteinemia; in each case the level of paraprotein was less than 0.2 g per deciliter. The presence of these monoclonal gammopathies had reinforced the initial misdiagnosis of AL amyloidosis, and three of the four patients had received cytotoxic chemotherapy without a clinical response (Fig. 1) . Twelve of the 22 first-degree relatives of patients with fibrinogen A a -chain amyloidosis were heterozygous for the mutation encoding the Glu526Val variant. All of them were more than 50 years old, and none had proteinuria or evidence of amyloidosis on 123 I-labeled SAP scintigraphy.
Thirteen patients were heterozygous for point mutations in the gene encoding transthyretin (Table 1) ; three of these point mutations have apparently not been described previously: Phe33Val, Asp38Val, and Ala120Ser (GenBank accession numbers AF485254, AF485253, and AF485252, respectively). All 13 of these patients presented with cardiac amyloidosis and variable degrees of autonomic and peripheral neuropathy. In none of them did 123 I-labeled SAP scintigraphy reveal any amyloid deposits in the liver or bone; such deposits have not been noted in transthyretin-associated amyloidosis. None of these 13 patients had any relevant family history.
One patient who had presented with slowly progressive renal impairment was heterozygous for an amyloidogenic mutation encoding a lysozyme variant (in which histidine replaces aspartic acid at position 67 [Asp67His]), and another patient was heterozygous for a mutation encoding an apolipoprotein A-I variant (in which arginine replaces glycine at position 26 [Gly26Arg]). A man who had presented with hoarseness due to laryngeal amyloid and a long history of sterility with testicular amyloid on biopsy and in whom 123 I-labeled SAP scintigraphy showed subclinical renal deposits of amyloid was found to be heterozygous for a novel mutation encoding an ap-olipoprotein A-I variant (in which proline replaces alanine at position 175 [Ala175Pro]) (GenBank accession number, AF485255).
Renal-biopsy specimens were available from 17 of the patients with the Glu526Val variant of fibrinogen A a -chain (Fig. 2) . In all specimens, the amyloid deposits stained specifically with antifibrinogen antibodies, but there was marked variation in the intensity of the staining. There was staining for lysozyme and apolipoprotein A-I in specimens from the 3 patients who had mutations in the corresponding genes and staining for transthyretin in each of the 13 patients with a transthyretin variant. Robust, reproducible, immunospecific staining of amyloid deposits composed of these variant proteins required extensive preparation of the tissue specimens with the use of methods that included trypsin and microwave pretreatment.
Intact monoclonal immunoglobulins were detected in the serum of 8 of the 34 patients with hereditary amyloidosis (24 percent), at levels of less than 0.2 g per deciliter, but in none of these patients were free light chains identified in the urine. By comparison, circulating paraproteins or urinary free light chains were present in 273 of the remaining 316 patients with AL amyloidosis (86 percent). However, there was no specific immunohistochemical staining of amyloid deposits with antibodies to k or l immunoglobulin light chains in any of the patients with hereditary amyloidosis or in 195 of the 316 patients with AL amyloidosis (62 percent). 
DISCUSSION
The identification of hereditary amyloidosis in almost 10 percent of patients with a presumptive diagnosis of systemic AL amyloidosis has several clinical implications. The single-gene mutations that cause hereditary amyloidosis evidently have variable penetrance, and most patients who have amyloidosis associated with the fibrinogen A a -chain Glu526Val variant -the most common form of hereditary amyloidosis identified in this study -do not have a relevant family history. Therefore, we now routinely perform DNA analysis in all patients with systemic amyloidosis. This practice has already prevented the inappropriate administration of chemotherapy to patients with a presumptive diagnosis of AL disease and has enabled potentially curative liver transplantations to be performed in four patients with previously unsuspected hereditary amyloidosis.
The clinical manifestations of the AL type of systemic amyloidosis are extremely heterogeneous. Macroglossia and periorbital ecchymoses are virtually pathognomonic, but they occur in only a minority of cases. Indeed, some of the characteristic patterns of organ involvement in AL amyloidosis are indistinguishable from those in familial amyloid polyneuropathy and hereditary non-neuropathic systemic amyloidosis. All patients with AL amyloidosis have an underlying clonal B-cell dyscrasia, but in only about 85 percent can a monoclonal protein be detected in the serum or urine. Because subtle monoclonal gammopathies are not infrequent in the general population, 20 the detection of paraprotein in a patient with amyloidosis may be misleading, and thus it is essential to identify the actual amyloid fibril protein by immunohistochemical analysis whenever possible. Immunohistochemistry is usually definitive in identifying or ruling out AA amyloidosis, but it frequently is not diagnostic with respect to AL amyloidosis. 8, 21 In our series, AL fibrils were identified by immunohistochemical staining in only 121 of the 316 patients with confirmed AL disease (38 percent). This reflects the failure of anti-light-chain antibodies to bind to light-chain fragments with an abnormal cross-b amyloid-fibril conformation and also reflects background staining of normal immunoglobulins in the tissues. Specific fixation procedures or the use of unfixed, fresh-frozen tissue may yield better results, but ideally processed material is often not available after routine biopsies. Although the stored biopsy material we studied had not been uniformly processed, extensive use of optimization techniques allowed immunohistochemical confirmation of the DNA findings in each case.
The most common of the autosomal dominant systemic amyloidoses is caused by transthyretin variants. Patients usually present with familial amyloid polyneuropathy, with progressive peripheral and autonomic neuropathy; involvement of the heart or kidneys is variable. More than 80 amyloidogenic mutations in the gene encoding transthyretin have been identified, 22 and we found 3 hitherto unreported variants. We also *Information on ethnic or national origin was provided by the patients. †Sites of amyloid involvement were assessed by echocardiography and scintigraphy with 123 I-labeled serum amyloid P component. 23 in whom it usually is silent or is associated with isolated late-onset cardiac amyloidosis. A transthyretin variant in which alanine replaces threonine at position 60 (Thr60Ala) is also associated with lateonset disease, reducing the likelihood of a relevant family history.
Patients with hereditary non-neuropathic systemic amyloidosis, which is caused by mutations in the genes encoding lysozyme, 12 apolipoprotein A-I, 10, 11 or fibrinogen A a-chain, 13 usually present with renal dysfunction. A mutation in the gene encoding apolipoprotein A-II 24 has recently also been associated with hereditary renal amyloidosis. However, fewer than 30 families affected by any of these mutations have been described. The Glu526Val variant of the fibrinogen A a-chain 25 has been reported in five families, all with clear cases of autosomal dominant amyloidosis. The present finding that the underlying mutation has low penetrance explains the previously enigmatic finding that haplotype studies in four of the families suggested that they had a common ancestor. 26 The distinctive clinical picture of amyloidosis associated with the Glu526Val variant of fibrinogen A a-chain may reflect the tropism of this amyloid variant for the kidneys and its remarkable selectivity for glomeruli. All our patients presented with apparently isolated renal dysfunction, and in contrast to the usual progression of AL amyloidosis, the course of illness was prolonged and relatively benign. In most of the patients, renal dysfunction occurred after the age of 50 years, but in all of them end-stage renal failure associated with progressive accumulation of amyloid occurred within five years. The decline of renal function may have been exacerbated by hypertension in some of the patients, but no other risk factors for renal dysfunction were identified. In two of the patients, transplanted kidneys failed within six years because of severe amyloidosis in the graft. Only one patient had clinically significant extrarenal disease, in the form of liver failure, 15 years after her presentation. Another patient had subclinical deposition of amyloid in his liver 13 years after his kidneys had failed, and it is likely that the hepatic deposition was a late manifestation of this mutation. In this type of hereditary amyloidosis, unlike AL amyloidosis, cardiac involvement is not a feature.
In the patients with amyloidosis caused by the Asp67His variant of lysozyme and the Gly26Arg variant of apolipoprotein A-I, progressive renal impairment developed slowly, a phenotype similar to that in previously described kindreds. 27, 28 The patient with the Ala175Pro variant of apolipoprotein A-I, a newly identified variant, had hoarseness due to laryngeal amyloid deposits, a feature that commonly occurs in localized AL amyloidosis and that has also been reported in patients with mutations that disrupt this region of the apolipoprotein A-I molecule. 29, 30 AL amyloidosis often responds to chemotherapy that suppresses the underlying clonal plasma-cell disorder, 2-5 but chemotherapy has no role in the treatment of hereditary amyloidosis and is dangerous. The types of hereditary amyloidosis in which the amyloidogenic protein is synthesized solely by the liver can be effectively treated by liver transplantation. This form of "surgical gene therapy" 31 has been successful in familial amyloid polyneuropathy associated with variant forms of transthyretin and in amyloidosis due to the Glu526Val variant of fibrinogen A a-chain. 17 However, the rate of progression of hereditary amyloidosis caused by variants of lysozyme, apolipoprotein A-I, and fibrinogen A a-chain is slow in many patients, in whom supportive measures and kidney transplantation alone are associated with an excellent outcome.
